Background: Resistant hypertension is independently associated with an increased risk of death in the general hypertensive population. We assessed whether resistant hypertension is an independent predictor of all-cause mortality in individuals with type 2 diabetes from the Renal Insufficiency And Cardiovascular Events (RIACE) Italian Multicentre Study. Methods: On 31 October 2015, vital status information was retrieved for 15,656 of the 15,773 participants enrolled in 2006-2008. Based on baseline blood pressure (BP) values and treatment, participants were categorized as normotensive, untreated hypertensive, controlled hypertensive (i.e., on-target with < 3 drugs), uncontrolled hypertensive (i.e., not on-target with 1-2 drugs), or resistant hypertensive (i.e., uncontrolled with > 3 drugs or controlled with > 4 drugs). Kaplan-Meier and Cox proportional hazards regression analyses were used to assess the association with all-cause mortality. Results: Using the 130/80 mmHg targets for categorization, crude mortality rates and Kaplan-Meier estimates were highest among resistant hypertension participants, especially those with controlled resistant hypertension. As compared with resistant hypertension, risk for all-cause mortality was significantly lower for all the other groups, including individuals with controlled hypertension (hazard ratio 0.81 [95% confidence interval 0.74-0.89], P < 0.0001), but became progressively similar between resistant and controlled hypertension after adjustment for cardiovascular risk factors and complications/ comorbidities. Also when compared with controlled resistant hypertension, mortality risk was significantly lower for all the other groups, including controlled hypertension, even after adjusting for cardiovascular risk factors (0.77 [0.63-0.95], P = 0.012), but not for complications/comorbidities (0.88 [0.72-1.08], P = 0.216). BP was well below target in the controlled hypertensive groups (resistant and non-resistant) and values < 120/70 mmHg were associated with an increased mortality risk. Results changed only partly when using the 140/90 mmHg targets for categorization.
Background
Type 2 diabetes is associated with excess mortality mainly, though not exclusively attributable to cardiovascular disease (CVD) [1] . The increased risk for CVD morbidity and mortality associated with type 2 diabetes requires a prompt recognition and management of the other comorbidities clustering with hyperglycemia and contributing to this high-risk profile, as demonstrated by the efficacy of multifactorial intervention in the Steno-2 study [2, 3] . In particular, control of hypertension represents a major issue, even though blood pressure (BP) targets are still a matter of debate, with recommended values ranging from < 130 to < 140 mmHg for systolic BP and from < 80 to < 90 mmHg for diastolic BP [4] . Unfortunately, though awareness and control of hypertension have improved in the last decades, a high percentage of diabetic hypertensive patients does not reach target BP levels [5, 6] .
According to the 2008 Scientific Statement from the American Heart Association (AHA) [7] , resistant hypertension is defined as uncontrolled BP despite the use of ≥ 3 anti-hypertensive medication classes or controlled BP while treated with ≥ 4 anti-hypertensive medication classes, with all agents prescribed at optimal dose amounts; ideally, one of these classes should be a diuretic. A recent revision of the AHA Scientific Statement has established that, in addition to a diuretic, the anti-hypertensive regimen should include also a long-acting calcium channel blocker (CCB) and a blocker of the renin-angiotensin system (RAS) [8] . Pooled data from North America and Europe indicated that 14.8% of treated hypertensive patients and 12.5% of all hypertensive individuals have resistant hypertension [9] . However, these prevalence estimates refer to "apparent resistant hypertension," as population-based studies are unable to distinguish cases of "true resistant hypertension" from those of "pseudo-resistant hypertension," i.e., individuals with "white coat" hypertension, non-adherence to medications, inappropriately prescribed anti-hypertensive regimen, and incorrect BP measurement due to cuff-related artifacts [10] . It has been estimated that individuals with pseudo-resistant hypertension are as many as those with true resistant hypertension [10] , who however should include also patients with BP uncontrolled with < 2 drugs who would fail to achieve BP goal if treated with three drugs [11] . Subjects with resistant hypertension are usually older, more frequently obese and diabetic, and those with a higher prevalence of target organ damage, including CVD and chronic kidney disease (CKD), whereas data on gender and ethnicity are contrasting [7, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
A few longitudinal studies demonstrated that resistant hypertension is an independent predictor of all-cause and CVD mortality, CVD morbidity, and end-stage renal disease in the general hypertensive population, though different definitions of resistant and non-resistant hypertension were used [13] [14] [15] 18] . The increased risk remained after adjustment for several confounders, including CVD risk factors and target organ damage [13] [14] [15] 18] . In addition, some of these studies reported a worse prognosis in uncontrolled resistant hypertension (i.e., BP not on-target with ≥ 3 drugs) than in controlled resistant hypertension (i.e., BP on-target with ≥ 4 drugs) [13, 14, 18] . An independent association between resistant hypertension and adverse outcomes was also reported in hypertensive individuals with CVD [19] [20] [21] or CKD [22, 23] .
Although the presence of diabetes has been invariably reported among predictors of adverse outcomes in hypertensive individuals [12] [13] [14] [15] [18] [19] [20] [21] [22] , only one study has reported a subgroup analysis in diabetic patients [18] and, so far, no study has evaluated the risk of death associated with resistant hypertension in a type 2 diabetes population. We have previously reported that prevalence of resistant hypertension was 17.4% among hypertensive individuals and 21.2% among treated hypertensive patients with type 2 diabetes from the Renal Insufficiency And Cardiovascular Events (RIACE) Italian Multicentre Study [24] .
The present analysis aimed at assessing whether resistant hypertension at baseline is an independent predictor of subsequent death from any cause in individuals with type 2 diabetes from the RIACE cohort. To this end, individuals without hypertension or with non-resistant hypertension were compared with patients with resistant hypertension as reference group.
Methods

Design
The RIACE Italian Multicentre Study is an observational, prospective, cohort study on the impact of estimated glomerular filtration rate (eGFR) on morbidity and mortality in individuals with type 2 diabetes [25] .
Study population
The study population included 15,773 Caucasian patients (after excluding 160 individuals with missing or implausible values), consecutively attending 19 hospital-based, tertiary referral Diabetes Clinics of the National Health Service throughout Italy in the years 2006-2008. Exclusion criteria were dialysis or renal transplantation.
The vital status of the participants on 31 October 2015 was verified by interrogating the Italian Health Card database (http://sistemats1.sanita.finanze.it/wps/ portal/), which provides updated and reliable information on all current Italian residents.
Measurements
At baseline, study participants underwent a structured interview in order to collect the following information: age, smoking status, known diabetes duration, comorbidities, and current treatments.
Body mass index (BMI) was computed from weight and height, whereas waist circumference was calculated from log-transformed BMI values using sex-specific linear regression equations derived from waist measurements obtained in 4618 individuals. BP was measured with a sphygmomanometer after a 5-min rest. Two consecutive readings were taken 10 min apart by a trained observer with the patients seated with the arm at the heart level and the cuff correctly placed on the arm circumference. Standard adult cuffs were used (9-13 in.), except for severely obese patients, where large cuffs (13-17 in.) were employed. The second readings were used for the analysis [24] . Pulse pressure, a surrogate measure of arterial stiffness, was then calculated from systolic and diastolic BP values.
Triglycerides and total and HDL cholesterol were measured in fasting blood samples by colorimetric enzymatic method, and LDL cholesterol was calculated by the Friedewald formula. Hemoglobin (Hb) A 1c was measured by high-performance liquid chromatography using DCCTaligned methods.
Diabetic kidney disease (DKD) was assessed based on albuminuria and eGFR. Albumin excretion rate (AER) was measured from 24-h urine collections or estimated from albumin-to-creatinine ratio in early-morning, first-voided urine samples, using a conversion formula developed in patients with type 1 diabetes [25, 26] . Albuminuria was measured in fresh urine samples by immunonephelometry or immunoturbidimetry. For each individual, one to three measurements were obtained; in cases of multiple measurements, the geometric mean was used for analysis. In subjects with multiple measurements (4062 with at least two and 2310 with three values), concordance rate between the first value and the geometric mean was > 90% for all albuminuria classes [26] . Serum (and urine) creatinine was measured by the modified Jaffe method, traceable to IDMS, and estimated eGFR was calculated by the CKD Epidemiology Collaboration equation [25] . Patients were then classified into the Kidney Disease: Improving Global Outcomes A1-A3 and G1-G5 categories and further stratified into the following DKD phenotypes, as previously reported [25] : no DKD (i.e., G1A1-G2A1), albuminuria alone (albuminuric DKD with preserved eGFR, i.e., G1A2-G2A2-G1A3-G2A3), reduced eGFR alone (nonalbuminuric DKD, i.e., G3A1-G4A1-G5A1), or albuminuria and reduced eGFR (albuminuric DKD with reduced eGFR, i.e., G3A2-G4A2-G5A2-G3A3-G4A3-G5A3).
In each center, presence of diabetic retinopathy (DR) was evaluated by an expert ophthalmologist by dilated fundoscopy. Based on the worst eye, individuals with mild or moderate non-proliferative DR were classified as having non-advanced DR, whereas those with severe non-proliferative DR, proliferative DR, or maculopathy were grouped into the advanced DR category, as previously reported [27] .
Previous major acute CVD events (myocardial infarction, stroke, foot ulcer/gangrene/amputation, coronary, carotid, lower limb revascularization, and surgery for aortic aneurysm) were adjudicated based on hospital discharge records [28] .
Categorization of patients
Patients were stratified according to either the BP targets of < 130/80 mmHg, recommended for diabetic individuals at the time BP measures were obtained [29] and recently confirmed by the American College of Cardiology and AHA guidelines [30] , or to the less stringent BP targets of < 140/90 mmHg, which are currently established by the American Diabetes Association, except for high-risk individuals [31] . The following groups were identified [24] : normotensive (NT); untreated hypertensive (UTHT); hypertensive on-target with 1, 2, or 3 drugs (controlled hypertension; CHT); hypertensive not on-target with 1 or 2 drugs (uncontrolled hypertension; UCHT); and hypertensive not on-target with > 3 drugs or on-target with > 4 drugs (resistant hypertension; RHT). The RHT group was further divided into two subgroups, based on whether patients were on-target with > 4 drugs (controlled resistant hypertension; CRHT) or were not on-target with > 3 drugs (uncontrolled resistant hypertension; UCRHT).
Statistical analysis
Data are expressed as mean ± SD or median (interquartile range) for continuous variables, and number of cases and percentage for categorical variables. Comparisons among groups were performed by one-way ANOVA or Kruskal-Wallis test, according to the parametric or non-parametric distribution of continuous variables, followed by Bonferroni correction or Mann-Whitney test, respectively, for post hoc comparisons. The Pearson's χ 2 test was used for categorical variables. Crude mortality rates were described as events per 1000 patient years, with 95% exact Poisson confidence intervals (CIs); death rates were also adjusted for age and gender by a Poisson regression model. KaplanMeier survival probabilities for all-cause mortality were estimated according to the above categorizations and differences were analyzed using the log-rank statistic. The hazard ratios (HRs) and their 95% CIs were estimated by Cox proportional hazards regression, unadjusted and adjusted for baseline age and gender (model 1); age, gender, and CVD risk factors, i.e., smoking status, diabetes duration, HbA 1c , BMI, waist circumference, triglycerides, total and HDL cholesterol, and anti-hyperglycemic and lipid-lowering treatment (model 2); and age, gender, CVD risk factors, and complications/comorbidities, i.e., DKD phenotypes, DR grade, any CVD, and any cancer (model 3). In separate analyses, models were further adjusted for either BP or pulse pressure values at baseline to assess whether the excess risk associated with RHT was attributable to the higher levels of these parameters detected in RHT versus CHT participants. All the above analyses were repeated by including in the RHT group only patients on a diuretic or a CCB/RAS blocker/diuretic combination, according to the 2008 [7] and 2018 [8] definition of resistant hypertension, respectively. Finally, additional analyses, adjusted for age and gender, were performed to explore the relation between categories of on-treatment BP values and mortality. In all the above analyses, the RHT (or CRHT) group was used as reference to allow comparison with all other groups, i.e., NT and the various non-RHT groups (and UCRHT), thus distinguishing patients with CHT from those with UTHT or UCHT, who might include RHT individuals.
Results
Overall mortality in the study population
Valid information on vital status was retrieved for 15,656 participants (99.3% of the cohort). At the time of the census, 12,054 (77.0%) patients were alive, whereas 3602 (23.0%) individuals had died; death rate was 31.0 per 1000 person years (95% CI 30.0, 32.0) over a median follow-up of 8.0 years (interquartile range 7.5-8.5) [32, 33] .
Clinical features of the study population (based on the 130/80 mmHg BP targets)
The RIACE participants with RHT were 15.0% of the whole cohort (17.5% of all hypertensive individuals); of them, 13.5% were on-target with > 4 drugs (CRHT) and 86.5% were not on-target with > 3 drugs (UCRHT). As previously reported [24] , RHT individuals were older, more often females and former smokers, and more frequently on insulin, lipid-lowering, anti-platelet, and anti-coagulant treatment, as compared to patients classified into the other groups. In addition, they had longer diabetes duration (except versus UCHT), lower eGFR, and higher BMI, waist circumference, triglycerides, albuminuria, and prevalence of DKD, advanced DR, and CVD (any and by vascular bed) ( Table 1) . Among RHT patients, CRHT participants had lower eGFR and HDL cholesterol and higher triglycerides and prevalence of CVD, driven by coronary events, and were more often on insulin and anti-coagulant therapy than UCRHT individuals, who were older and had higher total and LDL cholesterol (Additional file 1: Table S1 ).
By definition, BP levels were higher in UTHT, UCHT, RHT, and UCRHT than in NT, CHT, and CRHT participants (Tables 2 and 3) . Interestingly, values in CHT and CRHT individuals were well below 130/80 mmHg. Use of antihypertensive agents was significantly higher in RHT versus the other treated hypertensive groups for any class as well as in CRHT versus UCRHT individuals for RAS, α-, and β-blockers and diuretics (Henle's loop and anti-aldosterone). Of note, pulse pressure was higher in UCHT, RHT, and, to a lesser extent, UTHT individuals versus the other groups and, within the RHT group, in UCRHT versus CRHT participants, as for BP values.
Association between resistant hypertension and mortality (based on the 130/80 mmHg BP targets)
Crude mortality rates and Kaplan-Meier estimates were highest for RHT, intermediate for CHT and UCHT, and lowest for NT and UTHT participants (Table 4 and Additional file 2: Figure S1A ). Differences in mortality rates (Table 4) were reduced after adjustment for age and gender. When compared to RHT, CHT was associated with a significantly lower risk of death only in the unadjusted analysis (HR 0.81 [95% CI 0.81-0.89], P < 0.0001) (Fig. 1a) , whereas no difference was observed after adjustment for age and gender (model 1; Fig. 1b ) and further adjustment for CVD risk factors (model 2; Fig. 1c ) and complications/comorbidities (model 3; Fig. 1d ). Interestingly, crude mortality rates (Table 4) and Kaplan-Meier estimates (not shown) were highest for CRHT. Differences in mortality rates were attenuated after adjustment for age and gender (Table 4) . As compared with CRHT individuals, unadjusted HRs (Fig. 2a) were significantly lower in all other groups (except UCRHT), including CHT participants (0.72 [0.59-0.87], P = 0.001). Differences between RHT and CHT were maintained after adjustment for age and gender (0.70 [0.57-0.86], P < 0.0001) (Fig. 2b) , were attenuated when adjusting also for CVD risk factors (0.77 [0.63-0.95], P = 0.012) (Fig. 2c) , and disappeared when accounting for complications/comorbidities (0.88 [0.72-1.08], P = 0.216) (Fig. 2d) . No change was observed when further adjusting for BP or pulse pressure values or when only RHT individuals on a diuretic or a CCB/RAS blocker/diuretic combination were included in the analysis (not shown).
Clinical features of the study population (based on the 140/90 mmHg BP targets)
When the cohort was stratified according to the 140/90 mmHg BP targets, the percentage of individuals with RHT decreased (11.6% of the whole cohort and 14.9% of all hypertensive individuals), with a higher proportion of CRHT (30.7%), but the distribution of clinical parameters among study groups and subgroups did not change appreciably (Additional file 1: Tables S1 and Additional file 3: Table S2 ). However, the average BP values of the controlled hypertensive groups (CHT and CRHT) became closer to 130/80 mmHg, as several individuals with values between 130 and 139 and/or 80-89 mmHg, formerly assigned to the UCHT and UCRHT categories, respectively, were included in these groups.
Association between resistant hypertension and mortality (based on the 140/90 mmHg BP targets)
Crude and age-and gender-adjusted mortality rates, Kaplan-Meier estimates, and HRs were similar to those observed when participants were stratified according to the more stringent BP targets (Table 4 , Additional file 2: Figure S1B and Additional file 4: Figure S2 ), except that Figure S3 ).
Association between on-treatment BP values and mortality
There was a U-shape association between on-treatment BP values and all-cause mortality. In particular, using the 130-139 mmHg category of systolic BP and the 80-89 mmHg category of diastolic BP as reference, risk Values are mean ± SD for continuous variables, unless otherwise specified. RIACE Renal Insufficiency And Cardiovascular Events, BP blood pressure, NT normotension, UTHT untreated hypertension, CHT controlled hypertension (on-target with 1, 2, or 3 drugs), UCHT uncontrolled hypertension (not on-target with 1 or 2 drugs), RHT resistant hypertension (on-target with > 4 drugs or not on-target with > 3 drugs), RAS renin-angiotensin system, ACE angiotensin-converting enzyme, ARBs angiotensin receptor blockers, DHP dihydropyridine, CCBs calcium channel blockers of death increased for systolic BP < 120 mmHg and diastolic BP < 70 mmHg, but not for values above 140 and 90 mmHg, respectively, consistent with the previously reported inverse association of mortality with systolic and diastolic BP in this cohort (Fig. 3 ) [32] .
Discussion
This analysis of the RIACE cohort of patients with type 2 diabetes shows that resistant hypertension was associated with an increased risk of all-cause mortality, which however was progressively attenuated after adjustment for confounders. In particular, using the 130/80 mmHg targets, an increased risk of death in individuals with resistant versus controlled hypertension was observed only in the unadjusted analysis, whereas, using the 140/90 mmHg targets, it was maintained also in the adjusted analysis, except when accounting for complications/comorbidities. These observations indicate that CVD risk profile and particularly complications (indicating target organ damage) and comorbidities, which are significantly worse in individuals with resistant hypertension, drive the increased risk of death associated with this condition compared to controlled hypertension. However, our finding that, in type 2 diabetes, resistant hypertension does not predict death beyond target organ damage is at odds with data from the general hypertensive population [12] [13] [14] [15] [18] [19] [20] [21] and hypertensive individuals with CVD [19, 20] or CKD [22, 23] . Indeed, in these studies, diabetes was found to be an independent correlate of adverse outcomes, suggesting that it poses a significantly greater risk of death masking that associated with resistant hypertension. This interpretation is consistent with a subgroup analysis of the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) cohort, showing a significant association of resistant hypertension with all-cause mortality in non-diabetic, but not in diabetic individuals [18] . Another intriguing observation coming from our data is that, among resistant hypertensive patients, those on-target with > 4 drugs showed a higher mortality risk than individuals not on-target with > 3 drugs. Again, this finding is at variance with data from the general hypertensive population [13, 14] and also with a retrospective analysis of a group of US Veterans with resistant /eGFR + albuminuric DKD with reduced eGFR, DR diabetic retinopathy, CVD cardiovascular disease, BP blood pressure, RAS renin-angiotensin system, ACE angiotensin-converting enzyme, ARBs angiotensin receptor blockers, DHP dihydropyridine, CCBs calcium channel blockers hypertension, showing that controlling BP values resulted in lower mortality compared with individuals who remained uncontrolled over a 6-year follow-up [34] . However, in these studies, the BP values in participants with controlled resistant hypertension were higher than in our cohort, at least when the RIACE participants were categorized using the 130/80 mmHg targets, i.e., when differences in mortality between the two resistant hypertensive subgroups were actually observed. This suggests that our unexpected finding may be explained, at least partly, by the quite low BP levels observed in controlled resistant hypertensive individuals. Indeed, also patients with non-resistant controlled hypertension showed BP values well below target when using the 130/80 mmHg goals for categorization, thus suggesting that low BP levels might also contribute to explain the observation that risk of death in these individuals was not significantly lower than in patients with resistant hypertension in the adjusted analyses. This interpretation is supported by the higher mortality risk associated with lower BP values regardless of group assignment, which is consistent with the J-curve phenomenon occurring in high-risk patients, such as those with established CVD, CKD, and/ or diabetes. In these individuals, an impaired blood flow auto-regulation would elevate the BP threshold below which organ perfusion is reduced [35] . This J-curve effect has been described in several post hoc analyses of intervention trials in which however reverse causality could not be excluded and was indeed suggested by the evidence of a similar phenomenon in the placebo-treated groups that calls into question its clinical relevance [35] . Data from the Taipei City Geriatric Health Examination Database [36] , the CLARIFY registry [37] , and a cohort of US Veterans [38] showed that low BP values are indeed associated with increased mortality in community-dwelling older adults and in individuals with CVD and CKD. A previous study on hypertensive individuals with manifest vascular disease reported a somewhat higher increase in all-cause and CVD mortality risk versus controlled hypertension in subjects with controlled resistant hypertension than in those with uncontrolled resistant hypertension [21] and another survey in hypertensive patients with atherothrombosis showed that those poorly controlled on ≥ 3 agents had an increased risk of stroke and congestive heart failure, whereas those on ≥ 4 anti-hypertensive agents (irrespective of BP control) had an increased risk of all adverse outcomes, including all-cause mortality, except stroke [39] . Though not originally designed to address this issue, our study provides further support to the existence of a clinically meaningful J-curve effect, which may have increased mortality risk among individuals with controlled hypertension, thus masking the excess risk associated with resistant hypertension. A major strength of this study is that it is the first analyzing a type 2 diabetes population. Other strengths include the large sample size, the long-term follow-up, the low number of participants lost to follow-up, and the separation of individuals with untreated or uncontrolled hypertension from those with controlled hypertension among participants without resistant hypertension. In fact, patients with untreated or uncontrolled hypertension were likely those with a recent diagnosis of hypertension or not adequately treated, respectively. Presumably, they have subsequently received a treatment or a more aggressive one, thus experiencing a reduction of BP levels, though some of them may have fallen into the resistant hypertensive category. This would explain the relatively low mortality rate in the untreated and, to a lesser extent, uncontrolled hypertensive individuals, despite BP levels being similar to those of patients with resistant hypertension, and also the finding that mortality risk did not increase significantly with higher BP levels.
Among the limitations, lack of availability of multiple BP measurements over time may have resulted in a misclassification bias, as also some of the normotensive, controlled hypertensive, and resistant hypertensive participants may have switched to another BP status category during the follow-up. Moreover, we acknowledge that true treatment-resistant hypertension may have been misclassified with pseudo-resistance in a number of cases, as we could not assess adherence and appropriate prescription of anti-hypertensive therapy and to perform ambulatory BP monitoring, the gold standard method for excluding white coat hypertension. Indeed, ambulatory, but not office BP was shown to be associated with CVD morbidity and mortality in subjects with resistant hypertension, thus highlighting the confounding role of pseudo-resistant hypertension [40] . Another limitation is that not all the patients classified as resistant hypertensives were on a diuretic or a diuretic/CCB/RAS blocker combination, though results did not change when only individuals meeting these criteria were considered. This finding is consistent with the results of the ALLHAT, in which prognoses in patients with resistant hypertension were similar across treatment groups, though participants assigned to chlorthalidone were less likely to develop this condition [41] . Moreover, though use of anti-aldosterone therapy is not an absolute criterion, prevalence of resistant hypertension in our cohort might have been overestimated also because of the low proportion of resistant hypertensive patients receiving this treatment (12.8 and 13.9%, according to the 130/80 and 140/90 mmHg BP targets, respectively), despite evidence that spironolactone is effective in reducing BP in resistant hypertensive individuals [42] , including those with diabetes [43] . Our finding that use of anti-aldosterone agents was significantly more frequent in controlled than uncontrolled individuals with resistant hypertension militates in favor of this interpretation. A further limitation is that our main finding that resistant hypertension is not an independent predictor of death beyond target organ damage cannot be generalized until validated in at least one independent type 2 diabetes population. Finally, the observational design of the study makes causal interpretation impossible. 
